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ABSTRACT 
Fire is one of the most serious threats that a structure may experience during its service 
life. Thermal expansion, extreme temperature gradients, and degrading material 
properties can lead to structural failure. Structural fire resistance is addressed in building 
codes, and has grown more robust over the years. Past research has studied normal 
strength (Grade 60) rebar, but information regarding high strength rebar is incomplete. To 
ensure that the current standards of practice accurately predict the behavior of hot-rolled, 
high strength rebar at elevated temperature, an experimental study was conducted at 
Lehigh University. Samples of #8 ASTM A615 Grades 60, 75, and 100 and ASTM A706 
Grades 60 and 80 reinforcement were tested in tension using an electrically heated 
ceramic furnace and a universal testing machine. The stress-strain behavior along with 
the elastic modulus, yield strength, and ultimate strength were determined through 
constant temperature tests. A metallurgical microstructure analysis was conducted on 
samples from testing to observe changes in the steel microstructure. The test methods 
were modeled after past research and the rate of loading and sample sizes conformed to 
current ASTM standards. The test results showed good agreement with the current 
reduction values for elastic modulus and yield strength found in Eurocode. The test 
results showed poor agreement with the current reduction values for yield strength found 
in ACI 216 (2014). Eurocode assumes ultimate total elongation to be constant in its 
material stress-strain model. The test results showed poor agreement with the current 
total elongation values found in Eurocode. 
A computational analysis was performed to determine the effect on reinforced 
concrete beam elements containing rebar with the experimental strength reduction 
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properties. Performance was compared with beams using ACI 216 and Eurocode steel 
reduction properties. The current data shows that the Eurocode material model for hot-
rolled steel at elevated temperature does not fully predict the stress-strain behavior of 
these bars. Modifications to the Eurocode material model are proposed. The new model is 
suitable for a performance-based approach to structural fire resistant design of reinforced 
concrete members. 
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INTRODUCTION 
This thesis presents the results of an experimental investigation of the tensile properties 
of hot-rolled reinforcing steel at elevated temperature. The program includes tests at 
constant temperature along with a metallurgical microstructure analysis of the steel after 
heating. In this section the motivation for research is presented as well as the objectives 
and scope of the project. 
Motivation for Research 
Structures subject to fire experience large thermal strains, reductions in material 
properties, and, in some cases, irrecoverable losses. Fire can be the most extreme hazard 
that a structure experiences in its life. For this reason, extensive fire resistance is put in 
place for buildings. In fact, ACI 216 (ACI 216.1-14) is entirely dedicated to this topic. 
Furthermore, in recent years, ASCE 7-16 has adopted Appendix E, which is concerned 
with performance-based design procedures for fire effects on structures. However, it is 
not mandatory and offers only limited help in design situations. While these 
developments are undoubtedly beneficial and can mitigate costs, fire design standards 
must be updated in a timely manner in order to maintain safety when new materials and 
methods are inevitably used in design and construction. 
 Two recent events highlight the concern of fire hazards for reinforced concrete 
structures. A portion of Interstate 85 collapsed in Atlanta, Georgia after construction 
material stored underneath the bridge caught fire. The bridge spans employed type V 
beams as defined by the American Association of State Highway and Transportation 
Officials. Type V spans were common when in the bridge was constructed in 1984 
(Wilcox). The bridge span was rebuilt and later reopened. The Georgia Department of 
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Transportation estimated the cost to repair the bridge to be over $16 million (Wickert). 
Another event occurred in 2008 at the Delft University of Technology in the Netherlands. 
A fire erupted at the Faculty of Architecture Building, a reinforced concrete high rise, and 
caused a collapse of a major portion of the building (Meacham, 2014). 
 A 2014 report by the Charles Pankow Foundation examining the impact of high-
strength reinforcing steel on current design practice stated that high-strength 
reinforcement “offers the potential for reducing steel volumes for flexural members.” 
While this may lead to reduced material costs, the report notes that reducing 
reinforcement may make meeting ACI Code limits for flexural crack widths more 
difficult. The report goes on to say “it may be necessary to use smaller, more closely 
spaced HSR bars” to meet the ACI Code limits. Interestingly, even though the report lists 
five recommendations for future research, none of them call for study or how elevated 
temperature affects high-strength reinforcing steel. 
 A 2014 report by the National Institute of Standards and Technology examining 
high-strength reinforcing steel used in earthquake design outlines the need to study the 
impact of fire on reinforcement properties because “high-strength reinforcement may be 
more susceptible to fires than normal-strength reinforcement because of differences in the 
manufacturing methods.” 
 Building fires are typically compartment (enclosure) fires that consume the 
combustible materials in the room. ASCE 7-16 Appendix E even lists three other types of 
structural design fires: localized fire, exterior fire, and traveling fire. Building fire design 
is typically handled using prescriptive rating based on the length of exposure to the 
ASTM E119 fire curve. However, performance based design has slowly become more 
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common to optimize structural performance and reduce material, construction, and 
renovation costs. Building fires have become so studied that ASCE 7-16 has devised a 
load combination specifically for fires: 1.2D + 0.5L. Appendix E states that the live load 
factor is reduced to 0.5 because it “is a companion load and not the principal load.” 
(Note: Other ASCE load combinations use a live load factor of 0.5 for the same reason.) 
 The mechanical properties of steel are known to decrease with temperature. The 
hot-rolled steel curve found in ACI 216 is uncited, but continues to be in use. As the 
chemical and mechanical properties of structural steel have changed over time, it is 
important to ensure that the past standards of practice still apply. 
Research Objectives 
The objective of the research program is to evaluate the fire resistance implications of 
using high-strength reinforcement in reinforced concrete elements. The first objective is 
to determine the stress-strain relationship for ASTM A615 Grades 60, 75, and 100 and 
ASTM A706 Grades 60 and 80 and compare them to ACI 216 and Eurocode 
assumptions. A microstructure evaluation will be included to help visualize changes in 
mechanical behavior. The second objective is to evaluate the fire resistance of reinforced 
concrete beams that have been designed with equivalent moment capacity with the 
previously mentioned reinforcement. The testing objectives are as follows: 
1. Create a test set-up and procedure that can be easily replicated for repetition and 
future study. 
2. Determine the mechanical properties of the reinforcing steel specimens, 
including: 
a. The reduction in elastic modulus at elevated temperature 
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b. The reduction in yield strength at elevated temperature 
c. The reduction in ultimate strength at elevated temperature 
3. Determine the temperature effects on the microstructure of hot-rolled reinforcing 
steel. 
4. Compare the result to data in existing standards and other references. 
5. Perform a computational analysis using finite element software to determine the 
effects of rebar’s mechanical properties on the performance of a reinforced 
concrete member. 
a. Experimental rebar properties will be compared with codified properties 
presented in ACI 216 and Eurocode. 
Scope of Research 
The remainder of the thesis is divided into five chapters. Section 2 is focused on the 
background of the behavior of structural steel at elevated temperature along with a 
literature review of the past research on the mechanical properties of hot-rolled and cold-
worked reinforcing steel at elevated temperature. Section 3 outlines the testing program 
and the experimental set-up and procedures. Section 4 presents the results of the testing 
program. Section 5 provides an evaluation of the testing results. Section 6 provides a 
computational analysis to demonstrate the effects of rebar’s strength reduction properties 
on a reinforced concrete element. The strength reduction properties determined from 
testing are compared with those presented in current design standards. Section 7 
summarizes the results of the thesis and provides conclusions and recommendations for 
future research on this topic. 
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BACKGROUND 
In this section the background of this research topic is presented. The background 
included information about the hot-rolled fabrication process used to make reinforcing 
steel. The mechanical properties of hot-rolled steel are presented alongside the properties 
of cold-worked steel. The current practice of fire protection engineering as it relates to 
hot-rolled reinforcing steel is discussed. Lastly, a literature review is presented which 
details the work previously completed on the mechanical properties of hot-rolled 
reinforcing steel at elevated temperatures. 
Mechanical Properties of Steel 
The two main types of steel are hot-rolled steel and cold-worked steel. The two names 
come from the processes used to manufacture the steel. Hot-rolled steel is produced by 
working with steel at temperatures above the recrystallization temperature. To ensure that 
the metal is above the recrystallization temperature a safety factor of 50°C to 100°C 
above the recrystallization temperature is typical (DeGarmo and Kohser, 1988). Cold-
worked steel, on the other hand, is formed at temperature below the recrystallization 
temperature. 
 Hot-rolling is the process of plastically deforming the alloy in order to shape and 
form it easily. When the steel cools, it tends to induce residual stresses in the alloy, 
especially for non-uniform members such as I-beams. The steel will also shrink slightly 
and therefore the manufacturer has less control over size and shape of the finished 
product. Cold-worked steel does not experience these issues. However, hot-rolled steel is 
typically cheaper than cold-worked steel because there are fewer fabrication steps. 
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 Hot-rolled and cold-worked steel have some properties that vary. Some thermal 
and mechanical properties are relatively unaffected by the metal working process such as 
elastic modulus, temperature varying specific heat, and thermal conductivity. However, 
the mechanical properties at ambient and elevated temperature of hot-rolled and cold-
worked steel are significantly different. 
 
Figure 1: Typical Hot-Rolled Steel Stress-Strain Curve (www.wikipedia.com) 
 As shown in Figure 1, hot-rolled steel has a distinctive yield point 
followed by a yield plateau. The yield plateau transitions to a nonlinear strain hardening 
zone before reaching the ultimate (read: rupture) strain. 
Figure 2 presents reduction values used in ACI 216 for hot-rolled and cold-
worked steel at elevated temperature. ACI 216 presents an incomplete set of information, 
as only yield strength is described. While it is not explicitly stated, the stress-strain 
relationship is assumed to be elastic-perfectly plastic. 
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Figure 2: ACI 216 Steel Strength Curves (ACI 2014) 
A more complete alternative to ACI 216 is Eurocode (2004). Table 1 presents 
reduction values used in the Eurocode stress-strain model for hot-rolled and cold-worked 
steel at elevated temperature. This material model modifies the assumed elastic-perfectly 
plastic model that is commonly used for steels at room temperature (Franssen and 
Zaharia, 2005). The elevated temperature model is made up of a linear region, a parabolic 
region, a perfectly plastic region, and a linearly declining region that models the decline 
in strength at very high strains. Figure 3 shows the stress-strain model that can be 
modified to represent both hot-rolled and cold-worked steels at temperatures between 
20°C and 1200°C. 
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Table 1: Eurocode Material Model Reduction Factors 
Steel Temperature Tangent Modulus Proportional Limit Yield Strength 
20°C 1.00 1.00 1.00 
100°C 1.00 1.00 1.00 
200°C 0.90 0.81 1.00 
300°C 0.80 0.61 1.00 
400°C 0.70 0.42 1.00 
500°C 0.60 0.36 0.78 
600°C 0.31 0.18 0.47 
700°C 0.13 0.07 0.23 
800°C 0.09 0.05 0.11 
900°C 0.07 0.04 0.06 
1000°C 0.04 0.02 0.04 
1100°C 0.02 0.01 0.02 
1200°C 0.00 0.00 0.00 
 
 
Figure 3: Eurocode (2004) Stress-Strain Material Model for Hot-Rolled Steel 
One of the goals of the current study is to update this stress-strain model to more 
accurately reflect true strain levels. For a performance-based design for fire-resistant 
structures, it is important to use the actual behavior of the material. 
Reinforcing Steel Manufacturing Process 
The manufacturing process for ASTM A615 and ASTM A706 is different in small, but 
important ways. A615 reinforcement is used primarily under gravity load conditions, 
meaning that it requires reliable yield strength with less emphasis on ductility. On the 
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other hand, A706 reinforcement is used in seismic regions, meaning that it requires more 
emphasis on elongation and tensile-to-yield strength ratio. 
 Reinforcement must be rolled while it is in a malleable state so that the bar 
deformations will form properly, therefore reinforcing steel is rolled at temperatures 
exceeding 850°C. Quenching and tempering involves the use of water to rapidly cool 
heated steel. Just after rolling, the bars are sprayed with water, which chemically changes 
the outer layer from austenite to martensite. The hot core, still comprised of austenite, 
then tempers the outer surface. This results in a bar with high strength and moderate 
ductility. When subjected to tension, residual stresses in the bar cause yielding of the core 
prior to the outer surface. The resulting stress-strain curve is rounded without a yield 
plateau. 
 By rolling larger and higher strength bars less grain refinement is achieved, 
therefore micro-alloying is often used to achieve the desired properties. Micro-alloying 
involves the addition of small quantities of certain alloying elements in the molten steel 
in induce grain refinement. Common alloying elements include niobium, vanadium, 
titanium, molybdenum, zirconium, and boron. In the United States, micro-alloying is 
common for Grade 80 reinforcement. In general, micro-alloyed bars have a lower tensile-
to-yield strength ratio than quenched and tempered bars and a lower tensile-to-yield 
strength ratio than plain carbon steel bars. 
 ASTM A615 codifies plain carbon steel, whereas ASTM A706 codifies low-alloy 
steel. ASTM A706 limits the carbon content of the steel in order to improve weldability. 
The chemical restrictions make it difficult to obtain high strength bars with tensile-to-
yield strength ratios and uniform elongations (i.e. the elongation that exists in the bar as 
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the tensile strength is reached) on the order of those routinely obtained for Grades 60 and 
80 reinforcement. 
Structural Fire Engineering 
It is well known that fire is a severe hazard and poses a threat to both buildings and 
bridges. Fire subjects the structure to thermal elongation and weakened material 
properties. Because fire is such a severe threat, codes and specifications have been put in 
place to minimize its potential. The basic concepts of structural fire engineering are to 
prevent structural collapse, contain the spread of fire, and to limit the damage. Life safety 
and economic impact are the primary factors that govern the required fire resistance. Fire 
resistance is provided through passive and active systems. Passive systems, such as 
intumescent paints and spray on fire resistant materials, are always in place. Active 
systems, such as sprinkler systems, fire extinguishers, or oxygen suppression systems, 
require a triggering mechanism before they provide fire suppression. Fire resistant design 
of structures can be simply expressed as follows: 
 
𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑 𝐹𝑖𝑟𝑒 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 ≤  𝑃𝑟𝑜𝑣𝑖𝑑𝑒𝑑 𝐹𝑖𝑟𝑒 𝑅𝑒𝑠𝑖𝑠𝑡𝑎𝑛𝑐𝑒 
 
 For buildings, the required fire resistance is a function of the type of construction, 
type of structural element, importance factor, and height of area. The provided fire 
resistance is a function of the structural member’s ability to maintain its function at 
elevated temperature. Structural fire resistance for buildings is required by the 
International Building Code (IBC 2012). Specifications often provide guidance in terms 
of what is required and how to achieve that resistance (AISC 2011; ACI 216-14). 
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 Concrete structures have significant inherent fire resistance due to concrete’s low 
thermal conductivity, high thermal capacity, and generally high mass. However, collapses 
still occur, such as when the Faculty of Architecture Building at the Delft University of 
Technology collapsed due to fire in 2008. 
 Furthermore, spalling is a known issue for reinforced concrete structures under 
fire exposure (Deeny and Stratford, 2008), and it is particularly pertinent for high-
strength concrete mixes (Kodur, 2000). Spalling increases the exposure of reinforcement 
to direct temperature, and therefore the heated stress-strain mechanical properties of the 
reinforcement are needed. 
 Building fire resistance is typically achieved via a prescriptive approach (Gross 
and Cauffman, 2011). In the prescriptive approach to fire resistance, engineers determine 
the required fire resistance based on building and construction classifications and then 
select building materials and/or fire suppression systems that provide the required fire 
resistance rating. Historically, both the required fire resistance and provided fire 
resistance are derived in units of hours. The provided fire resistances are based on the 
ASTM E119 Standard Fire Test (ASTM 2014). To date, a wide range of E119 tests have 
been performed for a variety of building assemblies, and the results are published to help 
engineers choose structural components (reference UL standards). The time ratings are 
loosely correlated to the time of egress in the event of a fire and can be generally used to 
ensure the safety of the fire-fighters who attempt to suppress the fire. 
 In the case of reinforced concrete design, high-strength reinforcement grades have 
not been examined at length in current prescriptive design. Performance-based design has 
increasingly emerged via ASCE 7-16 Appendix E, which can enable calculations of 
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performance (i.e. failure potential and post-fire damage). Reliable material models are 
needed to conduct performance-based calculation. This study aims to address these 
deficiencies and establish models for widely used high-strength reinforcement. 
 There are three categories for which specimens are assessed: load bearing 
capacity, integrity, and temperature on the unexposed side (ASTM E119-14). Specimens 
do not necessarily need to pass all three categories for the test to be a success. For 
example, beams and columns are only required to maintain the load bearing capacity 
while a non-load bearing wall may be required to maintain integrity and meet a maximum 
temperature requirement for the unexposed side. 
 In recent years, the American Society of Civil Engineers (ASCE) and the 
American Concrete Institute (ACI) have taken steps to address fire resistance design. 
ASCE 7-16 has released Appendix E, which is concerned with performance-based design 
procedures for fire effects on structures. However, Appendix E is not mandatory and 
offers only limited assistance in design situations. ACI has supplemented ACI 318 with 
ACI 216, which details fire resistance of concrete and masonry construction assemblies. 
Past Research 
Many previous experimental studies examined the stiffness, yield, and ultimate properties 
of mild steel at elevated temperature. High strength rebar has received less attention, and 
most programs were performed prior to 1970. The results from past experiments have not 
been verified in recent years, and the composition of steel may change depending on the 
country of origin and the year of manufacturing. Furthermore, the rebar’s behavior at 
elevated temperature may change depending on its strength and ASTM specifications. 
The hot-rolled steel yield strength reduction curve is unreferenced in ACI 216. 
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Additionally, reduction curves for elastic modulus and ultimate strength are not provided. 
Other researchers have shown interest in the mechanical properties of reinforcing steel, 
including total elongation and residual properties. This section outlines past work done 
on this topic in chronological order. 
Holmes et al., 1982 
Holmes et al. performed a series of experiments to determine the yield stress, ultimate 
strength, and elastic modulus of reinforcing steel at elevated temperature. The specimens 
were manufactured to British Standard specifications BS 4449 and BS 4461. The steel 
specimens were placed into a specially build load frame. Three types of experiments were 
performed. 
 Constant heat tests were performed in which the specimen was heated to its 
desired temperature, soaked for 30 minutes, and then tested in tension. Heating-cooling 
tests were also performed in which the same procedure was used but the specimen was 
allowed to cool to room temperature after the 30 minute heat soak. For the constant heat 
and heating-cooling tests the set temperature ranged from 100°C to 700°C with testing at 
100°C increments. The specimens were heated at an unspecified load rate. The third 
series consisted of transient heat tests in which the specimen was loaded to a stress equal 
to yield (or 0.2% proof stress) divided by 1.8 and the heated until either rupture or a 
maximum temperature was reached. 
 The constant temperature results indicate a 50% reduction in both yield stress and 
ultimate strength between 520°C and 580°C and between 540°C and 700°C for elastic 
modulus. The heat-cooling test showed that at 400°C hot rolled steel increased yield 
stress by up to 12.5% of initial, but at 700°C decreased by 5% of initial. For cold worked 
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steel, yield stress increased by 6% of initial at 300°C, but decreased by 37% of initial at 
700°C. The ultimate strength losses were similar for the two types of steels up to 500°C, 
but at 700°C the hot rolled steels had a 12% reduction compared to a 26% reduction for 
the cold worked steels. The residual elastic modulus remained unaltered over the entire 
temperature range. The transient temperature tests resulted in no failures at 400°C, but all 
failed at 600°C. 
Edwards and Gamble, 1986 
Edwards et al. performed a series of tests to determine the residual yield strength and 
residual ultimate strength of reinforcing steel. The specimens were size #4 and 
manufactured to ASTM A615 specifications. The specimens were loaded into an electric 
furnace and experienced a thermal soak for approximately one hour. The set temperature 
ranged from 932°F to 1475°F (500°C to 802°C). Then the bar was cooled slowly until it 
returned to room temperature. Ambient tests were also performed to obtain reference 
strengths. 
 The heating and cooling did not affect the nature of the stress-strain curves. 
Additionally, the elastic modulus remained unchanged after heating and cooling. A 27% 
reduction in yield strength was found to occur at 1380°F (749°C) and a 17% reduction in 
ultimate strength was found to occur at 1292°F (700°C). Tests performed at 1475°F 
(802°C) resulted in higher strengths. The authors compare these results to those presented 
in a 1984 study by Stecich et al. The authors conclude that the reduction in yield stress is 
more severe for #4 bars than for #11 bars. The opposite is true for ultimate stress. These 
findings are due to either different annealing rates following rolling or different cooling 
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rates after experimental heating. Both cooling rates are size dependent. It is known that 
slower cooling leads to lower yield stresses. 
Neves et al. 1996 
Neves et al. performed a series of tests to determine the effects of the heating-cooling 
process have on the tensile strength and rupture strain of A400 NR reinforcing steel (hot 
rolled). The focus of the research was to characterize the residual properties of the steel 
after cooling. In batches of 10, the specimens were heated at a rate of 10°C/minute until 
reaching the desired temperature, which was then maintained for one hour. Three cooling 
methods were used: natural air cooling, cooling with water jet, and complete immersion 
in water. The test specimens were then tested in tension and a metallographic analysis 
was performed to determine the microstructure. The test results show no reduction in 
tensile strength and small variations in rupture strain for specimens subjected to 
temperatures between 500°C and 600°C followed by cooling. This was found to be the 
case for all cooling processes. For temperatures up to 700°C, a slight decrease in tensile 
strength and a slight increase in rupture strain were observed. This was true for all 
cooling processes and all bar diameters. Specimens tested using temperatures between 
700°C and 900°C followed by rapid cooling exhibited slightly increased residual tensile 
strengths and slightly reduced residual rupture strains. This phenomenon is characteristic 
of brittle behavior. This transformation was more apparent in specimens with smaller 
diameters and for cooling by complete immersion in water. 
Deeny and Stratford, 2008 
Deeny and Stratford performed an analytical investigation into the implications of 
explosive spalling on the fire performance of reinforced concrete structural elements and 
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whole structures. The study uses finite element analysis to model spalling by removing 
layers of concrete when a set of spalling criteria are met. The paper briefly discusses 
design for spalling and mechanisms of spalling. The most likely cause of spalling is a 
combination of tensile stresses induced by thermal expansion and increased pore 
pressure. The finite element analysis modeled both abrupt and progressive spalling of a 
simply-supported reinforced concrete beam. The results indicate that beam failure times 
are significantly reduced for models assuming both abrupt and progressive spalling 
phenomena, relative to the required FRR rating. This is because spalling threatens the 
stability of the structure by allowing the reinforcement to become exposed to high and 
rapidly rising temperatures. 
Topçu and Karakurt, 2008 
Topçu and Karakurt performed tensile tests to determine the residual properties of S220 
and S420 reinforcing steel. Test specimens were subjected to 20°C, 100°C, 200°C, 
300°C, 500°C, 800°C, and 950°C temperatures in a high temperature furnace for three 
hours. The yield strength losses for S220 and S420 at 800°C were 46% and 84%, 
respectively. At 950°C, the losses were 64% and 89%, respectively. The ultimate strength 
losses were not significant for either steel up to 500°C. At 800°C, the losses for S220 and 
S420 were 51% and 85%, respectively. At 950°C, the losses were 60% and 90%, 
respectively. The elongation ratios only slightly increased for temperatures up to 300°C. 
At 800°C, elongation ratio losses for S220 and S420 were 1.2% and 1.6%, respectively. 
At 950°C, the losses were 1.6% and 3.3%, respectively. The toughness losses for S220 
and S420 at 800°C were 16% and 35%, respectively. At 950°C, the losses were 82% and 
88%, respectively. 
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Elghazouli et al., 2009 
Elghazouli et al. performed three series of experiments to determine elastic modulus, 
proportional limit, ultimate strength, and ultimate strain of reinforcing steel at elevated 
temperature. 
 Steady-state tests were performed in which the specimen was heated to its desired 
temperature, soaked for 30 minutes, and then tested in tension. Temperatures ranged from 
100°C to 700°C (with some at 750°C) at increments of 100°C. The specimens were 
heated at a rate of 10°C/min and pulled in tension at a rate of 4 mm/min. Transient tests 
were performed in which the specimen was subjected to an initial constant load at 
ambient temperature, which was then maintained as the temperature progressively 
increased up to failure. The heating rate was 10°C/min. Tests performed to determine the 
residual properties of the rebar were conducted the same as the steady-state tests, except 
the rebar was allowed to cool slowly to room temperature before being loaded to failure. 
 The steady-state tests show that for hot-rolled and cold-worked bars, strain 
hardening becomes insignificant only when temperatures exceed 400°C. For elastic 
modulus, proportional limit, and ultimate strength, the difference in reduction values for 
hot-rolled and cold-worked bars were not significant. It was shown that the significant 
difference in ductility at ambient conditions between hot-rolled and cold-worked bars is 
reduced at high temperatures as the cold-working effect diminishes. The residual tests 
show that mechanical properties remain largely unchanged up to 400°C. At 600°C, 
strength is reduced by 10-15% for cold-worked bars. Also at 600°C, hot-rolled and cold-
worked specimens show an enhancement in ultimate mechanical strain of 50% and 
150%, respectively. 
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Tao et al., 2013 
Tao et al. collected existing test data from past research and performed a statistical 
analysis to determine the effects of heat exposure on residual mechanical properties, 
including elastic modulus, yield strength, and ultimate strength. The information was 
compiled to create a simplified residual stress-strain model for both structural steel and 
reinforcing bars. The authors briefly discuss the differences between hot-rolled and cold-
worked steel and how the cooling method influences the steel’s residual behavior. There 
is no significant difference between cooling in air or a furnace. However, a strength 
recovery is observed when steel is cooled with water after being heated to a temperature 
above 600C. The authors produce equations describing how key stress-strain parameters 
(EsT, fyT, fuT, EpT, εpT, εuT) change as a function of temperature. Ultimately, the authors 
state that only three parameters at room temperature (i.e. fy, fu, and Es) are required to 
determine the full-range stress-strain curve. 
Shakya and Kodur, 2016 
Shakya and Kodur performed a series of experiments to determine the yield strength, 
ultimate strength, yield strain, and failure strain of A615 Grade 60 reinforcement at 
elevated temperature. Only steady-state tests were performed. Once the desired 
temperature was reached, it was maintained for about 30 minutes before being loaded at a 
rate of 60 MPa/min until failure. Thermal tests included temperatures ranging from 
100°C to 800°C at 100°C intervals. 
Summary 
Past studies have shown that both yield stress and ultimate strength experience a 
reduction of 50% between the temperatures of 520°C and 580°C, whereas the elastic 
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modulus experiences a reduction of 50% between the temperatures of 540°C and 700°C 
(Holmes et al., 1982). Kodur et al. (2016) found results that agree. Furthermore, Kodur et 
al. (2016) found that yield strain steadily decreases (approximately 60% reduction at 
800°C), whereas failure strain reduces approximately 85% at 500°C before recovering 
almost all of its ductility at 800°C. 
 As for residual mechanical properties, the cooling method affected the residual 
properties only slightly. Ultimate strength does not experience significant reductions for 
temperatures up to 600°C (Neves et al., 1996) and reductions of only 17% at 700°C 
(Edwards and Gamble, 1986). Similarly, elastic modulus exhibits virtually no 
degradation p to 700C (Tao et al. 2013). Yield strength reduces slightly more severely 
than the other two mechanical properties, exhibiting a 50% decrease between 800°C and 
950°C. 
 While the residual properties are an important design consideration, they are not 
the scope of this research. Many of the previous studies performed both residual testing 
and elevated temperature tests and therefore some discussion of the existing residual data 
has been included in this thesis. 
TEST PROGRAM 
This section presents the experimental test program that was performed for this research 
project. Specifically, this chapter describes the goals, specimens, set-up, and procedures. 
Test Matrix 
Constant temperature testing was performed for this project for reinforcing steel exposed 
to high temperature. The constant temperature test is carried out by heating a reinforcing 
bar, which is held taut in a universal testing machine, to a target temperature and 
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allowing 45 minutes of heat soak at that temperature, and then pulled until yielding and 
tensile failure occur. Testing of this nature is used to evaluate the reinforcing bar 
performance at a defined elevated temperature. This test is commonly used to establish 
the material performance at a range of temperatures. However, it is not realistically 
representative of actual fire exposure, during which an element is exposed to variable 
temperatures. To ensure reliability in the results, at least two experiments were carried 
out at every instance. In some isolated cases, one extra test was performed to ensure a 
true representation of the rebar’s strength at a given temperature was demonstrated. 
Test Specimen 
The reinforcing steel specimens were obtained from Gerdau’s Sayreville Mill. The tested 
rebar specimens included A615 Grades 60, 75, and 100 and A706 Grades 60 and 80. 
High strength reinforcement was tested in conjuncture with reference reinforcement 
(Grade 60) to account for potential discrepancies with standardized information. 
Reinforcement of composition A615 is typically used in gravity load conditions, whereas 
reinforcement of composition A706 is used in seismic conditions. All specimens tested 
were size #8 reinforcement, which has a 1-inch diameter. A total of 56 thermal and 11 
ambient tests were conducted in this study. The test specimens were manufactured by 
Gerdau’s Sayreville Mill. The reinforcing steel was chosen because of its availability and 
application to reinforced concrete building design. Figure 4 shows the chemical 
composition of the bars, which was provided by Gerdau. 
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Figure 4: Gerdau Sayreville Mill Chemistry Specifications 
*Information for A615 Grade 100 is in size #11, not size #8 
 
The test length of the bar was 6-feet. One foot of the bar was clamped on both 
ends of the specimen, therefore the test length between the grips was 4-feet. This ensured 
that the grips were close to ambient temperature and not effected by the heat transfer 
during testing. 
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Testing Set-up and Procedure 
 
Figure 5: Experimental Set-up 
Test Apparatus 
The following section outlines the equipment and procedures that were used for testing. 
All tests were completed at Lehigh University’s Advanced Technology for Large 
Structural Systems (ATLSS) Laboratory between January 2018 and July 2018. The 
testing procedures were in accordance with the applicable ASTMs for reinforcing steel 
and are consistent with those used in previous studies. 
Testing was performed using a SATEC 600-kip universal testing machine at 
Lehigh University’s ATLSS Laboratory. The machine operated using a hydraulic-
powered screw driven top head. The bottom head does not move during testing. The test 
specimen was clamped at each end inside the top and bottom heads. The SATEC testing 
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machine is controlled using Partner – Machine Testing Software for Windows, which is 
shown in Figure 6. 
 
Figure 6: Computer for Universal Testing Machine 
 The electric furnace was an Instron SF-16 furnace with extensometer port 
(Catalog No. W-8711-F). The split tube furnace has interior dimensions of a 3-inch 
radius and 11-inch tall heated column and exterior dimensions of a 10-inch radius and 13-
inch tall column. The furnace has three independently heated zones that are controlled 
using the SATEC Model TCS 3202 three zone temperature control system, as shown in 
Figure 7. Each furnace zone has a type K thermocouple mounted to the exterior of the 
ceramic heating panels. The furnace control temperature ranges from 300⁰C to 1200⁰C. 
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Figure 7: Electric Furnace Controller 
 Flat grips were used during testing. The author contemplated using V-grips for 
testing in order to increase the area of contact between the grips and the specimen, but 
this was proven to be unnecessary because acceptable results were obtained when using 
flat grips. 
Instrumentation 
The reinforcing bar was instrumented with five type-K thermocouples. The thermocouple 
locations are displayed in Figure 8. Three thermocouples were placed inside the furnace. 
One was attached at the midpoint of the furnace, referred to as Int Mid, and the other two 
were placed 3.625-inches above and below Int Mid. These are referred to as Int Top and 
Int Bot, respectively. The three thermocouples within the furnace divided its height 
evenly into four sections. Two additional thermocouples were placed at 11-inches above 
and below the furnace midpoint, referred to as Top Furn and Bot Furn, respectively. This 
set-up was implemented for the 400⁰C to 800⁰C tests. At 300⁰C, Bot Furn was located 14-
inches below Int Mid. 
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Figure 8: Dimensions for Experimental Set-up 
 The original test plan relied on a W-E418-2 high temperature extensometer, 
which was compatible with the built in extensometer port in the split tube furnace. This 
extensometer had a 2-inch gauge length and was accurate for temperatures up to 1200⁰C. 
The extensometer was attached to the specimen by way of spring loaded ceramic fiber 
cords. However, the extensometer regularly lost contact with the specimen and was 
therefore unusable. 
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 The new extensometer used linear variable differential transformers (LVDTs) to 
measure displacement. The clamp component of the extensometer was comprised of steel 
blocks, threaded rods, and springs. The steel blocks were in direct contact with the rebar 
during testing. Additionally, 9/16-inch nuts and 3/8-inch threaded rods were extended out 
approximately 12-inches from the steel block so that the linear variable differential 
transformers (LVDTs) do not interfere with the furnace. For the 400⁰C to 800⁰C tests, a 
gauge length of 17-inches was used. The clamps were spaced 8.5-inches above and below 
Int Mid. Due to testing constraints, tests performed at 300⁰C used a gauge length of 20-
inches. The top clamp’s position remained unchanged, but the bottom clamp’s position 
moved down 3-inches. Additionally, Bot Furn was moved to 1-inch below the bottom 
clamp when this set-up was used. 
 A Campbell Scientific CR5000 Data Logger was used to record the testing. The 
logger recorded the load, cross head displacement, and thermocouple data. The data 
logger and laptop PC used to record the test data is shown in Figure 9. 
 
Figure 9: Data Acquisition System 
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Test Protocol 
The test protocol for the constant temperature test is presented below. Due to the 
specimens’ rigidity, set-up for testing was able to be completed with only one end 
clamped into the machine. Once the specimen was clamped into the machine, the furnace 
was placed around it. A stainless steel pipe was placed between the bar and the furnace in 
order to protect the ceramic furnace panels during rupture. The steel pipe was fabricated 
from a 2-inch radius, 13.5-inch tall stainless steel pipe. The tube was vertically cut in half 
and mounted to the furnace through bolted stainless steel plates that were welded to the 
tube. In order to increase the heat flow into the specimen, holes were drilled into the steel 
pipe. This initial procedure was followed for all tests in this study. 
 The constant temperature tests were performed at six different temperatures: 
20⁰C, 300⁰C, 425⁰C, 500⁰C, 600⁰C, and 700⁰C (800⁰C tests were performed for the A615 
Grade 100 and A706 Grade 80 specimens). During a typical test, each zone was used and 
had unique settings. The top zone was typically set to approximately 50⁰C higher than the 
desired temperature. The middle zone was typically set to approximately 20⁰C lower that 
the desired temperature. The bottom zone was typically set to approximately 100⁰C 
higher than the desired temperature. The bar was initially loaded to 900-lbf. This initial 
load allowed for thermal elongation during the heating phase and ensured that the bar 
remained taut without causing mechanical plastic deformation. The universal testing 
machine held the bar at this load during the heating phase. Once the interior 
thermocouples indicated that the specimen had reached the desired temperature, the cable 
was held at that temperature for 45 minutes. This thermal soak allowed for the bar to 
reach a uniform equilibrium temperature and to allow for the completion of potential 
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microstructure phase changes. A similar thermal soak approach was used in previous 
studies and the 45 minute soak time was common for elevated temperature testing. After 
heat soak, the specimen was placed in tension and pulled at a displacement rate of 0.25-
in/min until rupture. Once the bar ruptured, the furnace was turned off and the split tube 
was opened. The specimen was cooled with ambient air. Typically, the furnace panels 
and steel bar were adequately cool within one hour following the completion of a test. 
Both pieces of the failed bar were removed and marked for future microstructure 
analysis. 
RESULTS 
This section summarizes the observations from the test program. For the tests, plots of 
stress vs. strain and temperature history and the tabulated results are included. 
 Each test, except for the ambient temperature test, followed the same procedure: 
load specimen, heat to desired temperature, hold the desired temperature for 45 minutes 
(i.e. the thermal soak), and then pull the specimen until failure. Quantitative 
measurements focused on the load-displacement sequence as well as the temperature of 
the specimen and the furnace. 
 All heated specimens, except for A615 Grades 60 and 75 and A706 Grade 60 
tested at 300⁰C, failed within the heated zone of the furnace. Specimens tested at ambient 
temperature tended to fail closer to the grips. 
Determinations of Mechanical Properties 
The elastic modulus was determined from the stress-strain curve based on the tangent 
modulus of the initial elastic linear curve. Specifically, stress-strain data taken between 
10% and 30% of the observed ultimate strength was used to determine the elastic 
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modulus. The yield strengths at strain levels of 0.02% were obtained for the purposes of 
comparison with design standards prediction, namely ACI 216 and Eurocode, since these 
strain levels are widely accepted. The 0.02% yield strength is the intersection point of the 
stress-strain curve and the proportional line offset by 0.02% strain. For tests at room 
temperature, yield strength was determined by using an offset strain level of 0.2%. The 
ultimate strength is simply the maximum stress observed during testing. This is shown in 
Figure 10. 
 
Figure 10: Determination of Mechanical Properties 
Due to the nature in which temperature data was collected, a heat distribution was 
generated in order to construct a clearer depiction of how the reinforcement experienced 
the “soaking” process. The temperature and locational data were input into MATLAB 
and a spline function was utilized to generate a polynomial plot that fit the input data. A 
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weighted average was calculated by integrating the spline function between the gauge 
length and then dividing by gauge length. This value defines the “effective temperature”. 
 
Figure 11: Typical Time-Temperature Relationship during Testing 
The maximum temperature was defined as the maximum recorded temperature. Elastic 
modulus and yield strength are correlated with effective temperature, whereas ultimate 
strength is correlated with maximum temperature. Figure 11 illustrates a typical time-
temperature relationship. Also, an example of a typical heat distribution is shown in 
Figure 12. 
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Figure 12: Typical Heat Distribution during Thermal Soak 
 Total elongation was taken to be the greatest strain value observed during testing. 
A615 Grade 60 
Table 2 and Figure 13 presents the results from the A615 Grade 60 test specimens. The 
table lists the strength and strain values unique to each test and the figure illustrates the 
changes in the reinforcement’s stress-strain relationship as temperature increases. While 
the ambient tests exhibited yield plateaus, none of the thermal tests did. All the strength 
parameters steadily decreased relative to the ambient condition. Fracture strain, on the 
other hand, reduces to approximately 34% of its ambient elongation before recovering 
ductility to approximately 73% of ambient elongation at 700⁰C. 
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Table 2: Test Data for A615 Grade 60 Specimens 
Test E 
(ksi) 
Fy 
(ksi) 
εy  
(in/in) 
Fu 
(ksi) 
εu  
(in/in) 
Ffr 
(ksi) 
εfr 
(in/in) 
Eff. 
Temp 
(⁰C) 
Max. 
Temp. 
(⁰C) 
Mill 
Cert 1 
n/a 66.85 n/a 97.683 n/a n/a 0.15 20 20 
Mill 
Cert 2 
n/a 69.383 n/a 100.1 n/a n/a 0.13 20 20 
Ambient 
1 
30372 64.89 0.004154 99.54 0.1007 97.96 0.1102 20 20 
Ambient 
2 
31199 62.97 0.004049 96.13 0.1099 89.06 0.1157 20 20 
300⁰C 1 25590 44.12 0.001905 84.44 0.04566 82.76 0.04606 232.8 311.2 
300⁰C 2 28199 46.83 0.001864 94.82 0.05301 92.10 0.06101 235.7 312.7 
300⁰C 3 23915 46.70 0.002145 94.92 0.05921 90.95 0.05959 242.3 315.8 
400⁰C 1 24753 37.45 0.001710 77.55 0.04261 61.15 0.06555 361.4 425.6 
400⁰C 2 24341 33.88 0.001590 74.92 0.04646 70.67 0.05939 359.1 427.2 
500⁰C 1 21835 30.33 0.001589 60.86 0.02577 59.52 0.03161 436.8 509.3 
500⁰C 2 24676 30.10 0.001423 61.89 0.02961 59.38 0.03673 437.9 510.5 
600⁰C 1 15405 27.98 0.002026 37.19 0.01214 29.49 0.03468 535.2 606.4 
600⁰C 2 15859 24.68 0.001760 36.05 0.01286 27.87 0.03758 526.9 604.0 
700⁰C 1 10877 10.33 0.001155 14.56 0.007896 1.458 0.09082 627.8 710.9 
700⁰C 2 9336 10.20 0.001293 18.22 0.008216 6.046 0.07410 615.5 696.4 
 
 
Figure 13: Stress-Strain Curves for A615 Grade 60 Specimens 
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A615 Grade 75 
Table 3 and Figure 14 presents the results from the A615 Grade 75 test specimens. The 
table lists the strength and strain values unique to each test and the figure illustrates the 
changes in the reinforcement’s stress-strain relationship as temperature increases. While 
the ambient tests exhibited yield plateaus, none of the thermal tests did. All the strength 
parameters steadily decreased relative to the ambient condition. Fracture strain, on the 
other hand, reduces to approximately 25% of its ambient elongation before recovering 
ductility to approximately 83% of ambient elongation at 700⁰C. 
Table 3: Test Data for A615 Grade 75 Specimens 
Test E 
(ksi) 
Fy 
(ksi) 
εy  
(in/in) 
Fu  
(ksi) 
εu  
(in/in) 
Ffr 
(ksi) 
εfr 
(in/in) 
Eff. 
Temp 
(⁰C) 
Max. 
Temp. 
(⁰C) 
Mill 
Cert 1 
n/a 82.127 n/a 132.241 n/a n/a 0.07 20 20 
Mill 
Cert 2 
n/a 84.443 n/a 124.329 n/a n/a 0.07 20 20 
Ambient 
1 
29511 86.16 0.004771 118.4 0.07654 110.1 0.07687 20 20 
Ambient 
2 
27751 83.20 0.004985 117.1 0.09042 115.2 0.1008 20 20 
300⁰C 1 24938 62.84 0.002722 112.3 0.06068 106.4 0.07117 240.0 310.4 
300⁰C 2 25392 61.27 0.002614 111.9 0.07134 108.0 0.07863 226.8 305.6 
400⁰C 1 23162 52.39 0.002463 86.93 0.03463 81.64 0.04626 363.7 431.7 
400⁰C 2 25279 52.01 0.002260 91.29 0.03431 88.27 0.04213 359.9 428.4 
500⁰C 1 24704 41.22 0.001866 72.03 0.01756 71.19 0.02215 435.1 505.4 
500⁰C 2 20908 41.90 0.002207 68.71 0.01768 67.53 0.02206 443.4 504.7 
600⁰C 1 15675 23.35 0.001688 43.64 0.01139 39.46 0.02351 526.8 608.2 
600⁰C 2 18314 32.99 0.002004 43.04 0.009392 37.87 0.02491 524.0 601.3 
600⁰C 3 19702 26.61 0.001550 45.01 0.01016 40.21 0.02528 524.4 605.4 
700⁰C 1 10341 14.63 0.001620 19.05 0.006964 4.710 0.07608 625.6 699.6 
700⁰C 2 10882 11.73 0.001283 19.79 0.008373 5.361 0.08163 630.6 704.1 
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Figure 14: Stress-Strain Curves for A615 Grade 75 Specimens 
A615 Grade 100 
Table 4 and Figure 15 presents the results from the A615 Grade 100 test specimens. The 
table lists the strength and strain values unique to each test and the figure illustrates the 
changes in the reinforcement’s stress-strain relationship as temperature increases. No 
tests exhibited a yield plateau. All the strength parameters steadily decreased relative to 
the ambient condition. Fracture strain, on the other hand, reduces to approximately 18% 
of its ambient elongation before recovering ductility to approximately 94% of ambient 
elongation at 800⁰C. 
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Table 4: Test Data for A615 Grade 100 Specimens 
Test E  
(ksi) 
Fy 
(ksi) 
εy    
(in/in) 
Fu 
(ksi) 
εu  
(in/in) 
Ffr 
(ksi) 
εfr 
(in/in) 
Eff. 
Temp 
(⁰C) 
Max. 
Temp. 
(⁰C) 
Ambient 
1 
30417 105.8 0.005461 140.1 0.05701 140.1 0.05701 20 20 
Ambient 
2 
28036 106.5 0.005788 141.4 0.08186 140.2 0.08741 20 20 
Ambient 
3 
31416 107.6 0.005422 141.3 0.09239 133.8 0.09633 20 20 
300⁰C 1 28956 76.93 0.002858 133.0 0.05508 132.7 0.05890 242.0 306.3 
300⁰C 2 28218 75.55 0.002876 133.6 0.05838 133.5 0.05918 238.6 305.0 
400⁰C 1 22223 64.98 0.003122 107.6 0.02416 107.5 0.02492 362.9 432.3 
400⁰C 2 23852 65.61 0.002952 106.8 0.02673 106.6 0.02716 432.7 425.9 
500⁰C 1 24675 44.27 0.002000 81.95 0.01204 81.95 0.01204 438.0 505.4 
500⁰C 2 26047 47.32 0.002014 81.95 0.01255 81.95 0.01266 399.0 508.5 
600⁰C 1 19979 27.36 0.001568 49.09 0.009049 46.78 0.01770 531.1 605.6 
600⁰C 2 20638 27.47 0.001526 56.76 0.009864 54.68 0.01533 525.7 601.6 
700⁰C 1 11244 12.10 0.001278 20.56 0.007187 9.951 0.06268 626.1 709.0 
700⁰C 2 10914 12.14 0.001307 19.98 0.008053 5.141 0.07523 619.0 704.5 
800⁰C 1 9412.4 7.677 0.001016 13.12 0.01977 5.630 0.07697 676.0 803.7 
800⁰C 2 11279 6.239 0.0007557 12.09 0.02547 5.131 0.09473 673.5 804.4 
*No mill certifications were available in size #8 
 
 
Figure 15: Stress-Strain Curves for A615 Grade 100 Specimens 
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A706 Grade 60 
Table 5 and Figure 16 presents the results from the A706 Grade 60 test specimens. The 
table lists the strength and strain values unique to each test and the figure illustrates the 
changes in the reinforcement’s stress-strain relationship as temperature increases. While 
the ambient tests exhibited yield plateaus, none of the thermal tests did. All the strength 
parameters steadily decreased relative to the ambient condition. Fracture strain, on the 
other hand, reduces to approximately 20% of its ambient elongation before recovering 
ductility to approximately 77% of ambient elongation at 700⁰C. 
Table 5: Test Data for A706 Grade 60 Specimens 
Test E 
(ksi) 
Fy 
(ksi) 
εy     
(in/in) 
Fu 
(ksi) 
εu  
(in/in) 
Ffr 
(ksi) 
εfr 
(in/in) 
Eff. 
Temp 
(⁰C) 
Max. 
Temp. 
(⁰C) 
Mill 
Cert 1 
n/a 71.747 n/a 95.506 n/a n/a 0.16 20 20 
Mill 
Cert 2 
n/a 72.519 n/a 97.57 n/a n/a 0.15 20 20 
Ambient 
1 
30468 69.00 0.004272 99.00 0.1056 97.20 0.1220 20 20 
Ambient 
2 
34127 70.29 0.003986 99.12 0.1064 97.54 0.1104 20 20 
300⁰C 1 25970 52.91 0.002236 96.06 0.05225 93.44 0.05389 231.2 309.5 
300⁰C 2 29872 47.96 0.001806 95.68 0.05362 91.47 0.05458 231.1 313.8 
400⁰C 1 20633 40.18 0.002148 79.91 0.03986 72.30 0.05637 359.9 426.3 
400⁰C 2 23345 44.08 0.002094 81.51 0.03680 75.37 0.05336 370.1 428.9 
500⁰C 1 22896 35.90 0.001769 62.07 0.01909 61.02 0.02385 442.1 509.8 
500⁰C 2 21886 35.78 0.001834 64.04 0.02006 62.25 0.02620 442.9 508.6 
600⁰C 1 21086 22.77 0.001283 38.99 0.01126 35.23 0.02290 541.8 605.9 
600⁰C 2 24887 19.38 0.0009782 38.28 0.01173 30.83 0.03292 539.0 612.6 
700⁰C 1 10759 11.47 0.001267 17.05 0.005955 4.371 0.08605 628.7 708.8 
700⁰C 2 11785 11.94 0.001196 17.56 0.006189 4.130 0.08760 631.7 706.7 
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Figure 16: Stress-Strain Curves for A706 Grade 60 Specimens 
A706 Grade 80 
Table 6 and Figure 17 presents the results from the A706 Grade 80 test specimens. The 
table lists the strength and strain values unique to each test and the figure illustrates the 
changes in the reinforcement’s stress-strain relationship as temperature increases. While 
the ambient tests exhibited yield plateaus, none of the thermal tests did. All the strength 
parameters steadily decreased relative to the ambient condition. Fracture strain, on the 
other hand, reduces to approximately 33% of its ambient elongation before recovering 
ductility to approximately 82% of ambient elongation at 800⁰C. 
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Table 6: Test Data for A706 Grade 80 Specimens 
Test E 
(ksi) 
Fy 
(ksi) 
εy    
(in/in) 
Fu 
(ksi) 
εu  
(in/in) 
Ffr 
(ksi) 
εfr 
(in/in) 
Eff. 
Temp 
(⁰C) 
Max. 
Temp. 
(⁰C) 
Mill 
Cert 1 
n/a 92 n/a 116 n/a n/a 0.15 20 20 
Ambient 
1 
28316 90.07 0.005229 116.2 0.09197 113.6 0.1063 20 20 
Ambient 
2 
30123 88.99 0.004948 116.3 0.09393 107.5 0.1104 20 20 
300⁰C 1 29869 62.35 0.002290 111.5 0.06963 96.36 0.09088 236.6 314.6 
300⁰C 2 25577 64.43 0.002718 110.7 0.07444 95.13 0.09455 239.6 311.5 
400⁰C 1 24362 56.77 0.002528 88.92 0.03162 67.77 0.06033 367.1 427.6 
400⁰C 2 27961 53.03 0.002097 90.58 0.03369 71.21 0.06363 372.5 422.3 
500⁰C 1 23837 39.26 0.001848 69.16 0.01891 61.08 0.04082 443.0 507.6 
500⁰C 2 22710 40.66 0.001990 69.79 0.01743 64.39 0.03307 442.9 509.5 
600⁰C 1 20035 24.90 0.001443 44.26 0.01187 33.42 0.04538 524.6 607.4 
600⁰C 2 18250 26.25 0.001642 42.11 0.01138 30.57 0.04192 524.1 609.3 
700⁰C 1 16017 11.63 0.0009269 20.56 0.006914 5.532 0.07791 624.2 704.3 
700⁰C 2 16185 11.93 0.0009336 20.78 0.007450 9.002 0.07635 620.3 702.0 
800⁰C 1 10410 6.390 0.0008099 11.89 0.02777 4.808 0.09885 662.5 802.1 
800⁰C 2 10494 6.712 0.0008449 11.52 0.02284 4.333 0.08486 666.0 802.4 
 
 
Figure 17: Stress-Strain Curves for A706 Grade 80 Specimens 
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EVALUATION OF TEST RESULTS 
Comparison of Test Results with Design Standards Predictions 
Elastic Modulus 
The elastic modulus reduction factors for normal strength rebar and high strength rebar 
are presented in Table 7. The test results for elastic modulus are plotted in Figure 18. The 
vertical axis presents the reduction factor and the horizontal axis represents the variation 
in temperature. 
 The reduction factors of elastic modulus obtained from the tests were compared 
with the Eurocode reduction factors. Variations in experimental reduction factors are 
observed throughout, but are especially pronounced at temperatures of 300°C, 400°C, 
and 600°C. As only two (sometimes three) tests were performed at each temperature, this 
variation is not necessarily due to differences in the material’s chemical composition. 
With only a few exceptions, the experimental values are unconservative relative to 
Eurocode throughout the temperature range. ACI 216 does not provide reduction factors 
for elastic modulus as a function of temperature. 
 Discrepancies between elastic modulus reduction factors may be due to the 
method used to calculate the associated temperature. As noted earlier, elastic modulus is 
correlated with effective temperature. 
Table 7: Experimental Reduction Factors for Elastic Modulus 
  A615 A706 
Temperature Eurocode Grade 60 Grade 75 Grade 100 Grade 60 Grade 80 
20°C 1.00 1.00 1.00 1.00 1.00 1.00 
300°C 0.80 0.82 0.86 0.86 0.77 0.92 
400°C 0.70 0.78 0.82 0.82 0.69 0.85 
500°C 0.60 0.59 0.67 0.72 0.70 0.70 
600°C 0.31 0.37 0.44 0.44 0.47 0.57 
650°C 0.22* n/a n/a 0.36 n/a 0.42 
*Obtained via linear interpolation 
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Figure 18: Experimental Reduction Factors for Elastic Modulus 
Yield Strength 
The yield strength reduction factors for normal strength rebar and high strength rebar are 
presented in Table 8. The test results for yield strength are plotted in Figure 19. The 
vertical axis of the graph presents the reduction factor and the horizontal axis represents 
the variation in temperature. 
 The reduction factors of yield strength obtained from the tests were compared 
with the ACI 216 and Eurocode reduction factors. The comparisons indicate that the 
experimental values are generally adequate. Between the five types, the reinforcement 
exhibits less variation than for elastic modulus. A615 Grade 100 and A706 Grade 80 are 
conservative, relative to Eurocode, after 400°C and 500°C, respectively. Yield strength 
reduction factors are conservative for all temperatures, relative to ACI 216. 
 Discrepancies between yield strength reduction factors may be due to the method 
used to determine yield strength of reinforcing steel at elevated temperature. ACI 216 
does not state how it defines yield strength. This reason does not apply to discrepancies 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 200 400 600 800 1000 1200
R
ed
u
ct
io
n
 F
ac
to
r
Temperature (deg C)
Eurocode
A615 Grade 60
A615 Grade 75
A615 Grade 100
A706 Grade 60
A706 Grade 80
 43 
with Eurocode yield strength reduction factors. Another possible reason for discrepancies 
may be due to the method used to calculate the associated temperature. As noted earlier, 
yield strength is correlated with effective temperature. 
Table 8: Experimental Reduction Factors for Yield Strength 
  A615 A706 
Temperature Eurocode Grade 60 Grade 75 Grade 100 Grade 60 Grade 80 
20°C 1.00 1.00 1.00 1.00 1.00 1.00 
300°C 0.61 0.62 0.68 0.66 0.65 0.66 
400°C 0.42 0.50 0.56 0.45 0.55 0.54 
500°C 0.36 0.42 0.38 0.30 0.38 0.33 
600°C 0.18 0.22 0.20 0.15 0.21 0.17 
650°C 0.125* n/a n/a 0.09 n/a 0.09 
*Obtained via linear interpolation 
 
 
Figure 19: Experimental Reduction Factors for Yield Strength 
Ultimate Strength 
The ultimate strength reduction factors for normal strength rebar and high strength rebar 
are presented in Table 9. The test results for ultimate strength are plotted in Figure 20. 
 The reduction factors of ultimate strength obtained from the tests were compared 
with the Eurocode reduction factors. The comparison indicates that the experimental 
values are generally adequate, but are conservative for all temperatures. Compared with 
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the previously noted strength reduction properties for elastic modulus and yield strength, 
ultimate strength exhibits very little variation. The largest observed difference occurs at 
400°C with a difference of 9%. ACI 216 does not provide reduction factors for ultimate 
strength as a function of temperature. 
Table 9: Experimental Reduction Factors for Ultimate Strength 
  A615 A706 
Temperature Eurocode Grade 60 Grade 75 Grade 100 Grade 60 Grade 80 
20°C 1.00 1.00 1.00 1.00 1.00 1.00 
300°C 1.00 0.93 0.91 0.95 0.98 0.96 
400°C 1.00 0.81 0.77 0.80 0.86 0.81 
500°C 0.78 0.64 0.58 0.60 0.67 0.62 
600°C 0.47 0.39 0.37 0.38 0.42 0.39 
700°C 0.23 0.17 0.16 0.16 0.19 0.18 
800°C 0.11 n/a n/a 0.09 n/a 0.10 
 
 
Figure 20: Experimental Reduction Factors for Ultimate Strength 
Total Elongation 
The reduction factors for normal strength and high strength rebar are presented in Table 
10. Unlike strengths, which continue to decrease throughout the entire temperature range, 
fracture strains are able to recover some of its ambient ductility at 700°C and beyond. It 
is interesting to note that the higher strength reinforcement tends to regain a larger 
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 200 400 600 800 1000 1200
R
ed
u
ct
io
n
 F
ac
to
r
Temperature (deg C)
Eurocode
A615 Grade 60
A615 Grade 75
A615 Grade 100
A706 Grade 60
A706 Grade 80
 45 
percentage of its ambient ductility than normal strength reinforcement at 700°C. This 
may be because high strength rebar has less ductility than normal strength rebar and thus 
the same absolute ductility corresponds to a larger percentage of its ambient value. 
 
Table 10: Experimental Reduction Factors for Fracture Strain 
  A615 A706 
Temperature Eurocode Grade 60 Grade 75 Grade 100 Grade 60 Grade 80 
20°C 1.00 1.00 1.00 1.00 1.00 1.00 
300°C 1.00 0.46 0.95 0.74 0.42 0.76 
400°C 1.00 0.48 0.65 0.42 0.40 0.56 
500°C 1.00 0.30 0.30 0.17 0.21 0.32 
600°C 1.00 0.28 0.31 0.20 0.20 0.35 
700°C 1.00 0.62 0.96 0.81 0.61 0.62 
800°C 1.00 n/a n/a 1.06 n/a 0.75 
 
 
Figure 21: Experimental Reduction Factors for Fracture Strain 
Eurocode’s thermal stress-strain model assumes no change in failure strain as 
temperature increases. Specifically, Eurocode assumes a failure strain of 0.20. The 
reduction factors for fracture strain obtained from testing were then compared with the 
Eurocode assumption. Furthermore, Table 11 presents the ambient fracture strain levels 
for each type of reinforcement. 
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Table 11: Experimental Ambient Fracture Strain Levels 
Reinforcement Type Ambient Fracture Strain 
Eurocode 20.0% 
A615 Grade 60 12.7% 
A615 Grade 75 7.94% 
A615 Grade 100 8.02% 
A706 Grade 60 13.6% 
A706 Grade 80 12.2% 
 
Eurocode has created a stress-strain model that is aimed to model the behavior of 
steel at elevated temperature. It takes three input parameters, elastic modulus, yield 
strength, and ultimate strength, and assumes all the strain levels. Eurocode’s thermal 
stress-strain model is shown in Figure 3. Values were taken from the experimental data 
and input into Euroode’s model. When plotted on the same graph, it is obvious that 
Eurocode’s model is grossly inadequate. Figure 22-Figure 26 show examples of how the 
actual thermal stress-strain relationship differs from Eurocode’s assumption. This figure 
is representative of other comparisons. The most notable deficiency in Eurocode’s model 
is that it assumes ductility that is not present in the rebar. This is true even when 
compared with ambient test data. SAFIR uses Eurocode’s flawed stress-strain model and 
thus its outputs are almost certainly inflated. 
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Figure 22: Experimental vs. Eurocode Stress-Strain Curves for A615 Grade 60 
Specimens 
 
 
Figure 23: Experimental vs. Eurocode Stress-Strain Curves for A615 Grade 75 
Specimens 
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Figure 24: Experimental vs. Eurocode Stress-Strain Curves for A615 Grade 100 
Specimens 
 
 
Figure 25: Experimental vs. Eurocode Stress-Strain Curves for A706 Grade 60 
Specimens 
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Figure 26: Experimental vs. Eurocode Stress-Strain Curves for A706 Grade 80 
Specimens 
 
 Finally, as noted earlier, A615 Grades 60 and 75 and A706 Grade 60 failed 
outside of the furnace when tested at 300°C. While A615 Grade 100 and A706 Grade 80 
failed within the furnace, no strength reduction factor for either of these two 
reinforcement types is out-of-line at 300°C. 
Microstructure Analysis 
Using light optical microscopy, a microstructure analysis was conducted through the 
Department of Material Science & Engineering at Lehigh University. Specimen samples 
were cut near the fracture location using an abrasive saw. A615 Grades 60 and 75 and 
A706 Grade 60 specimens tested at 300°C did not fracture within the furnace, therefore 
those samples were taken from the region that experienced the most severe temperature. 
The samples were then prepared at Whitaker Laboratory at Lehigh University. 
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Preparation included mounting and polishing. The results are displayed in Figure 27-
Figure 31 (Also shown in larger scale in Appendix 2). 
 The steel is primarily comprised of ferrite (light part of the microstructure) and 
cementite (dark part of the microstructure). (Note: Pearlite is a combination of ferrite and 
cementite spaced closely.) 
A615 Grade 60 
At ambient temperature, the microstructure shows regions of ferrite, cementite, and 
pearlite. The microstructure noticeably changes from 20°C to 300°C, which show a 
lightening of the microstructure by means of ferrite addition and drastic reduction of 
pearlite. From 300°C to 400°C, the microstructure regains some of the cementite that was 
observed in the ambient temperature microstructure and pearlite makes a modest return to 
the microstructure. There are only minimal changes in the microstructure between 400°C 
and 600°C. From 600°C to 700°C, significant changes occur again as the boundaries 
between ferrite and cementite are much harder to distinguish. There are regions where 
cementite is prominent, but for the most part the microstructure is not organized into 
distinct sections of ferrite and cementite. 
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Figure 27: Microstructure Analysis of A615 Grade 60 Specimens 
A615 Grade 75 
At ambient temperature, the microstructure shows regions of ferrite, cementite, and 
pearlite, however there are fewer pearlite regions than in the Grade 60 section. The 
microstructure does not noticeably change from 20°C to 400°C. From 400°C to 500°C, 
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the microstructure undergoes noticeable changes, namely an increase in ferrite and a 
decrease in cementite and pearlite leading to a general lightening. From 500°C to 600°C, 
pearlite replaces cementite to a large extent. At 700°C, the microstructure is very similar 
to that observed in the Grade 60 rebar in that for the most part the microstructure is not 
organized into distinct sections of ferrite and cementite. 
 
Figure 28: Microstructure Analysis of A615 Grade 75 Specimens 
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A615 Grade 100 
At ambient temperature, the microstructure is entirely ferrite and cementite with an 
absence of pearlite. This is consistent with findings from previous studies (Chawla, 
2008), which show that pearlite causes the specimen to become more ductile. At ambient 
temperature, this is manifested in the yield plateau. As the Grade 100 specimen did not 
show a yield plateau when tested at room temperature, this observation is consistent. 
From 20°C to 400°C, the ferrite regions gradually become smaller in size and the 
cementite becomes the primary part of the microstructure. From 400°C to 500°C, the 
ferrite regions grow slightly larger. From 500°C to 600°C, the ferrite regions become 
smaller again and pearlite emerges. Similarly to Grades 60 and 75, at 700°C the 
microstructure breaks down into a seemingly boundaryless array of ferrite and cementite, 
perhaps even to a greater extent. 
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Figure 29: Microstructure Analysis of A615 Grade 100 Specimens 
A706 Grade 60 
At 20°C, the microstructure consists primarily of ferrite and pearlite. From 20°C to 
600°C, there are few changes to the microstructure with only slight changes to the ferrite-
to-pearlite ratio. From 600°C to 700°C, the microstructure shows few regions that are 
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clearly cementite, but primarily shows that the boundaries of ferrite and cementite are 
hard to distinguish. It is worth noting that the microstructure at 700°C shows slightly 
more organization than the microstructures observed for all the A615 steels. It is also 
worth noting that throughout the progression, pearlite is observed in several of the 
microstructures. The abundance of pearlite to this extent was not observed in any of the 
other reinforcing steel types. 
Pearlite is very ductile and soft with reduced strength (Chawla, 2008). As A706 
Grade 60 reinforcement is commonly used in seismic regions, the findings from this 
microstructure analysis are consistent with previous studies. 
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Figure 30: Microstructure Analysis of A706 Grade 60 Specimens 
A706 Grade 80 
From 20°C to 300°C, the ferrite regions increase in size. There are only minimal changes 
from 300°C to 500°C. From 500°C to 600°C, several of the cementite regions are 
replaced by hard-to-distinguish elements characteristic of the microstructure at 700°C. At 
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700°C, similarly to the Grade 60 section, the boundaries between the ferrite and 
cementite become harder to distinguish, but some noticeably ferrite and cementite regions 
remain. The grain boundaries of these remaining ferrite regions are less sharp than at 
lower temperatures. 
 
Figure 31: Microstructure Analysis of A706 Grade 80 Specimens 
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MODELING & PERFORMANCE DEMONSTRATION 
The objective of the SAFIR demonstration was to test a generic office floor beam 
exposed to fire. Design standards ACI 216, ACI 318, and ASCE 7-16 were used to ensure 
the modeled beams were realistic and could be plausibly used in practice. 
Beam Design 
Four floor beams were designed, one for each reinforcement type (both Grade 60 
reinforcement types use the same design). Non-variable characteristics include beam 
depth, beam width, span length, tributary width, applied loads, load combinations, and 
deflection checks. The grade and area of steel varied across each beam design. The 
number and location of the bars remained constant, thus the bar diameter changed in 
order to reduce the steel area. In ACI 216, Table 4.3.1.2 states that the minimum concrete 
cover for a nonprestressed restrained beam is ¾-inches for all hourly ratings. In ACI 318, 
Table 20.6.1.3.3 states that the minimum concrete cover for a precast concrete member is 
the greater of the bar diameter and 5/8-inches. For all beams, the governing concrete 
cover was equal to the beam’s bar diameter. Additionally, the beams were designed so 
that the ultimate moment capacity was constant for all five beams. It was important that 
the reinforcement experience yielding, therefore all the sections were tension-controlled. 
Furthermore, it was deemed efficient if both the nominal and design strengths were held 
constant, meaning the strength reduction factor was also constant for all the beams. 
Specifically, the strength reduction factor was 0.90 for all sections. Finally, it is worth 
noting that the governing design criterion was deflection, not capacity. 
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Table 12: Non-Variable Beam Properties 
Characteristic Value 
Span Length 30 ft 
Beam Width 16 in 
Rebar Depth 26 in 
Concrete Compressive Strength 4 ksi 
Applied Dead Load 79 psf 
Live Load 50 psf 
Tributary Width 10 ft 
 
 
Figure 32: Grade 60 Beam Design for First SAFIR Analysis 
 
Figure 33: Grade 75 Beam Design for First SAFIR Analysis 
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Figure 34: Grade 100 Beam Design for First SAFIR Analysis 
 
Figure 35: Grade 80 Beam Design for First SAFIR Analysis 
Loading and Load Combinations 
In addition to self-weight, external dead and live loads were applied with magnitudes of 
79 psf and 50 psf, respectively. These two loads were determined using ASCE 7-16. The 
appropriate dead and live loads for offices in office buildings were determined using 
ASCE 7-16. Five load combinations are considered: (1) 1.0D + 1.0L, (2) 1.2D + 1.6L, (3) 
1.2D + 0.5L, (4) 1.2D + 0.75L, and (5) 1.2D + 1.0L. The first load combination 
considered is to ensure the beam meets serviceability requirements, namely a deflection 
less than L/360. The second load combination listed is the controlling load combination 
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for ambient design and the third load combination is the design condition for fire 
conditions. The third load combination assumes a significantly reduced live load 
presumably because the inhabitants will have exited the enflamed building. Appendix E 
in ASCE 7-16 states that the live load factor is reduced to 0.5 because it “is a companion 
load and not the principal load.” (Note: Other ASCE load combinations use a live load 
factor of 0.5 for the same reason.). 
 The loads each beam experienced differed slightly as the minimum concrete cover 
differed slightly, thus affecting load due to self-weight. 
Fire Curve 
The ASTM E119 fire curve was used as it is the most commonly used prescriptive 
method. The beam was exposed to the fire on three sides: bottom, left, and right. This is 
considered realistic as the fire would most likely originate on the floor below. The 
beam’s top face was assumed to be exposed to ambient air. 
 
Figure 36: ASTM E119 Fire Curve 
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Material Properties 
SAFIR allows the user to enter material properties of their own. SAFIR assumes the 
Eurocode model in which stress and strain have a linear relationship at first, then have a 
parabolic relationship in which strain increases more quickly than stress, then strain 
increases without an increase in stress, and finally stress and strain have an inverse linear 
relationship in which strain increases and stress decreases until it is zero again. This is 
shown in Figure 3. Experimental data was input into this tool for temperature ranging 
from 300⁰C to 700⁰C (or 800⁰C when applicable) at 100⁰C increments. In certain cases, 
data was also entered at 650⁰C. The experimental reduction factors for elastic modulus, 
yield strength, and ultimate strength, provided in Comparison of Test Results with Design 
Standards Predictions, were entered into the SAFIR models. 
 All beams used concrete with siliceous aggregate. The concrete assumed a 
compressive strength of 4 ksi, which correlates to an elastic modulus of 3605 ksi. 
Furthermore, SAFIR conservatively assumed that the concrete could not carry tension. 
 The thermal properties follow Eurocode and are temperature dependent. It was 
assumed that the grade of the rebar does not affect its thermal properties. The thermal 
properties for steel and concrete are shown in Table 13. 
Table 13: Thermal Properties of Steel and Concrete 
Thermal Property Steel Concrete 
Specific Mass n/a 2400 N/m3 
Moisture Content n/a 46 
Hot Convection Coefficient 25 W/(m2K) 25 W/(m2K) 
Cold Convection Coefficient 4 W/(m2K) 4 W/(m2K) 
Relative Emissivity 0.7 0.7 
Thermal Conductivity n/a 0.5 W/(mK) 
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Failure Criteria 
Failure is defined in accordance with ASTM E119 as the time at which the reinforced 
concrete member reaches either a maximum deflection equal to 
𝐿2
400𝑑
 or a maximum 
deflection rate (over one minute time intervals) equal to 
𝐿2
9000𝑑
. Failure was determined 
from SAFIR’s time and deflection output and was reported to the nearest minute. 
First SAFIR Demonstration 
Table 14-Table 18 show the performance times of each section under the given loading 
conditions. Each table consistently shows the sections using higher strength 
reinforcement fail earlier than those using lower strength reinforcement. Additionally, 
Figure 37-Figure 41 plot the relationship between performance time and applied moment. 
 For all load combinations, the results show that the beams using the experimental 
strength reduction factors perform significantly worse than beams using the Eurocode or 
ACI 216 strength reduction factors. As noted earlier, the experimental stiffness and yield 
strength reduction factors are tend to be unconservative relative to Eurocode, therefore 
this finding suggests that ultimate strength is the most important aspect of a reinforced 
concrete beam’s performance. 
 The results suggest that bar size is a critical factor for beam design in fire 
conditions. This is because thinner bars tend to allow for larger deflections and heat up 
more quickly than thicker bars. Because less steel is needed when using high strength 
reinforcement, it is likely that engineers will use small size reinforcement to design 
reinforced concrete members. Using fewer bars has the added benefit of lower costs. 
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Table 14: Results from Load Combination 1 from First SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 196.688 99 / 100 / 100 119 / 119 / 119 122 / 122 / 122 
A615 Grade 75 196.398 84 / 85 / 86 106 / 107 / 108 108 / 108 / 110 
A615 Grade 100 196.06 76 / 76 / 76 92 / 93 / 92 94 / 94 / 94 
A706 Grade 60 196.688 104 / 105 / 105 119 / 119 / 119 122 / 122 / 122 
A706 Grade 80 196.318 86 / 87 / 88 103 / 104 / 104 105 / 106 / 106 
 
Table 15: Results from Load Combination 2 from First SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 258.525 74 / 74 / 75 93 / 93 / 93 98 / 98 / 98 
A615 Grade 75 258.178 60 / 61 / 62 83 / 84 / 85 88 / 89 / 90 
A615 Grade 100 257.772 56 / 56 / 57 73 / 73 / 73 76 / 77 / 77 
A706 Grade 60 258.525 80 / 80 / 81 93 / 93 / 93 98 / 98 / 98 
A706 Grade 80 258.081 64 / 65 / 65 81 / 82 / 82 85 / 87 / 87 
 
Table 16: Results from Load Combination 3 from First SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 196.65 99 / 100 / 100 119 / 119 / 119 122 / 122 / 122 
A615 Grade 75 196.303 84 / 85 / 85 106 / 107 / 108 108 / 109 / 110 
A615 Grade 100 195.897 76 / 76 / 76 92 / 93 / 92 94 / 94 / 94 
A706 Grade 60 196.65 104 / 104 / 105 119 / 119 / 119 122 / 122 / 122 
A706 Grade 80 196.206 86 / 87 / 87 103 / 104 / 104 105 / 106 / 106 
 
Table 17: Results from Load Combination 4 from First SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 210.713 94 / 94 / 94 112 / 113 / 113 115 / 115 / 114 
A615 Grade 75 210.365 78 / 79 / 80 100 / 101 / 102 103 / 103 / 104 
A615 Grade 100 209.959 71 / 71 / 71 87 / 88 / 88 90 / 90 / 90 
A706 Grade 60 210.713 99 / 99 / 99 112 / 113 / 113 115 / 115 / 114 
A706 Grade 80 210.269 81 / 82 / 82 97 / 98 / 99 100 / 101 / 101 
 
Table 18: Results from Load Combination 5 from First SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 224.775 88 / 88 / 88 106 / 106 / 106 104 / 110 / 109 
A615 Grade 75 224.428 73 / 74 / 74 95 / 95 / 96 98 / 98 / 100 
A615 Grade 100 224.022 66 / 67 / 67 82 / 83 / 83 87 / 87 / 87 
A706 Grade 60 224.775 93 / 94 / 94 106 / 106 / 106 104 / 110 / 109 
A706 Grade 80 224.331 75 / 76 / 77 92 / 93 / 93 96 / 96 / 97 
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Figure 37: Results for A615 Grade 60 (Mesh 3) from First SAFIR Analysis 
 
Figure 38: Results for A615 Grade 75 (Mesh 3) from First SAFIR Analysis 
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Figure 39: Results for A615 Grade 100 (Mesh 3) from First SAFIR Analysis 
 
Figure 40: Results for A706 Grade 60 (Mesh 3) from First SAFIR Analysis 
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Figure 41: Results for A706 Grade 80 (Mesh 3) from First SAFIR Analysis 
Second SAFIR Demonstration 
The SAFIR demonstration described above held the beam dimensions constant and only 
varying the rebar types. This translated into the geometric difference of using less steel in 
sections using higher strength reinforcement. As the yield strength increases, the amount 
of steel needed decreases. In all four models, four bars were modeled at the same 
locations, only the bar diameter changing between each scenario. Designing beams in this 
manner is useful for ensuring all sections have the same gross geometric properties and 
capacity. It has the additional benefit of showing how less steel would be used to design 
sections containing high strength reinforcement. However, thinner bars heat up more 
quickly than thicker bars. It was assumed that all the reinforcement types had the same 
thermal resistance properties. This means that the Grade 100 reinforcement heats up more 
quickly than the Grade 60 reinforcement. Figure 42 shows the time-temperature histories 
of the center of gravity of the left corner bar for each section, which clearly shows that 
the reinforcement in Grade 100 sections heat up faster. This helps explain why the Grade 
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100 sections failed significantly earlier than the Grade 60 sections. This was found to be 
the case for Eurocode, ACI 216, and experimental reduction properties. An alternative to 
this design approach is to hold the amount of steel, and therefore bar diameter, constant 
while adjusting the beam’s depth so that the ultimate moment capacity remains constant. 
This would ensure that the bars heat up at the same rate. On the one hand, the former 
approach is more realistic because engineers tend to prefer using less steel if possible. On 
the other hand, the differences in bar thickness may artificially influence performance 
times so that beams fail earlier when they contain high strength reinforcement relative to 
sections containing normal strength reinforcement. The four beam designs are shown in 
Figure 43-Figure 46. 
 
Figure 42: Time-Temperature Relationship of Left Corner Bar (Mesh 3) 
This study specifically studies the rebars’ material properties, therefore results 
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diameter and concrete cover to further examine the effects of high strength reinforcement 
on reinforced concrete elements exposed to fire. 
 
Figure 43: Grade 60 Beam Design for Second SAFIR Analysis 
 
Figure 44: Grade 75 Beam Design for Second SAFIR Analysis 
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Figure 45: Grade 100 Beam Design for Second SAFIR Analysis 
 
Figure 46: Grade 80 Beam Design for Second SAFIR Analysis 
Table 19-Table 23 show the performance times of each section under the given 
loading conditions. Unlike the first analysis, each table consistently shows the sections 
using higher strength reinforcement fail later than those using lower strength 
reinforcement. Additionally, Figure 47-Figure 51 plot the relationship between 
performance time and applied moment. 
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 For all load combinations, the results show that the beams using the experimental 
strength reduction factors perform significantly worse than beams using the Eurocode or 
ACI 216 strength reduction factors. This finding matches that found from the first 
analysis. This provides further evidence that ultimate strength is the most important input 
parameter in Eurocode’s thermal stress-strain model. 
 The results suggest that beam depth is a critical factor for beam design in fire 
conditions. The reason for this is unclear. Perhaps deeper beams allow for larger tensile 
strains and will therefore reach the maximum strain level earlier. 
 
Table 19: Results from Load Combination 1 from Second SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 203.815 98 / 98 / 98 114 / 114 / 114 115 / 115 / 114 
A615 Grade 75 193.602 99 / 99 / 98 119 / 119 / 119 122 / 121 / 121 
A615 Grade 100 183.797 108 / 108 / 108 123 / 123 / 124 128 / 128 / 128 
A706 Grade 60 203.815 102 / 103 / 102 114 / 114 / 114 115 / 115 / 114 
A706 Grade 80 191.1 106 / 106 / 106 120 / 120 / 120 123 / 123 / 123 
 
Table 20: Results from Load Combination 2 from Second SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 267.078 78 / 79 / 78 93 / 93 / 93 99 / 99 / 99 
A615 Grade 75 254.822 78 / 79 / 78 98 / 98 / 98 103 / 103 / 103 
A615 Grade 100 243.056 88 / 88 / 88 103 / 103 / 103 109 / 109 / 109 
A706 Grade 60 267.078 83 / 83 / 83 93 / 93 / 93 99 / 99 / 99 
A706 Grade 80 251.819 84 / 84 / 84 99 / 99 / 99 104 / 104 / 104 
 
Table 21: Results from Load Combination 3 from Second SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 205.203 97 / 97 / 97 113 / 113 / 113 114 / 114 / 114 
A615 Grade 75 192.947 99 / 99 / 99 119 / 119 / 119 122 / 122 / 122 
A615 Grade 100 181.181 109 / 109 / 109 124 / 124 / 125 129 / 129 / 129 
A706 Grade 60 205.203 101 / 102 / 102 113 / 113 / 113 114 / 114 / 114 
A706 Grade 80 189.944 106 / 106 / 106 120 / 120 / 120 123 / 123 / 124 
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Table 22: Results from Load Combination 4 from Second SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 219.266 93 / 93 / 93 108 / 108 / 108 111 / 111 / 110 
A615 Grade 75 207.01 94 / 94 / 94 114 / 114 / 114 116 / 116 / 116 
A615 Grade 100 195.244 103 / 104 / 104 119 / 119 / 120 124 / 124 / 124 
A706 Grade 60 219.266 98 / 98 / 97 108 / 108 / 108 111 / 111 / 110 
A706 Grade 80 204.007 101 / 101 / 100 115 / 115 / 116 118 / 118 / 118 
 
Table 23: Results from Load Combination 5 from Second SAFIR Analysis 
  Performance Time (Mesh 1 / Mesh 2 / Mesh 3) 
Beam Design Applied Moment 
(kip-ft) 
Experimental 
(minutes) 
Eurocode 
(minutes) 
ACI 216 
(minutes) 
A615 Grade 60 233.328 88 / 88 / 88 103 / 103 / 103 107 / 107 / 107 
A615 Grade 75 221.072 89 / 90 / 89 109 / 109 / 109 112 / 112 / 112 
A615 Grade 100 209.306 99 / 99 / 99 115 / 115 / 115 119 / 119 / 119 
A706 Grade 60 233.328 93 / 93 / 93 103 / 103 / 103 107 / 107 / 107 
A706 Grade 80 218.069 95 / 95 / 95 110 / 110 / 110 113 / 113 / 113 
 
 
Figure 47: Results for A615 Grade 60 (Mesh 3) from Second SAFIR Analysis 
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Figure 48: Results for A615 Grade 75 (Mesh 3) from Second SAFIR Analysis 
 
 
Figure 49: Results for A615 Grade 100 (Mesh 3) from Second SAFIR Analysis 
 
0
20
40
60
80
100
120
140
0 50 100 150 200 250 300
P
er
fo
rm
an
ce
 T
im
e 
(m
in
u
te
s)
Applied Moment (kip-ft)
Eurocode
ACI 216
A615 Grade 75
0
20
40
60
80
100
120
140
0 50 100 150 200 250 300
P
er
fo
rm
an
ce
 T
im
e 
(m
in
u
te
s)
Applied Moment (kip-ft)
Eurocode
ACI 216
A615 Grade 100
 74 
 
Figure 50: Results for A706 Grade 60 (Mesh 3) from Second SAFIR Analysis 
 
 
Figure 51: Results for A706 Grade 80 (Mesh 3) from Second SAFIR Analysis 
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significantly worse beam performance. This study’s strength reduction factors showed 
drastically lower performance times relative to those presented in Eurocode in all cases. 
 If an engineer wants to design a high-rise building, he will prefer to use shallower 
beams in order to include more floors into the design (and thus maximize revenue). The 
second SAFIR analysis addresses this situation. Similarly to the first analysis, the second 
SAFIR analysis also demonstrated that using this study’s strength reduction factors 
results in worse beam performance. When this study’s strength reduction factors were 
used, the performance times fell sharply relative to beams using Eurocode’s reduction 
factors. 
 It is interesting to note that the relationship between performance time and applied 
moment appears to be linear; as the demand increases, the beams’ performance times 
decrease linearly. A linear relationship means that equal increases in demand, regardless 
of current demand, will result in the same decreases in performance duration. 
 Ultimately, it has been clearly shown in both scenarios that Eurocode’s strength 
reduction factors overestimate performance when a beam is exposed to elevated 
temperature. 
SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS 
This section presents an overview of the experimentation and results from the laboratory 
testing performed at Lehigh University’s ATLSS Lab. Conclusions are drawn from the 
test program. Finally, design recommendations and recommendations for future work are 
presented. 
Summary 
The goals of this project were to: 
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1. Create a repeatable test program. 
2. Determine the mechanical properties of ASTM A615 and ASTM A706 
reinforcement to elevated temperature. 
3. Examine the microstructure of the rebar after cooling from elevated temperature. 
4. Compare the results to data in existing standards and other references 
5. Perform a computational analysis using finite element software to determine the 
effects of rebar’s mechanical properties on the performance of a reinforced 
concrete member. 
a. Compare the experimental mechanical properties to codified properties 
presented in ACI 216 and Eurocode. 
 
To accomplish the goals, a literature review was conducted to determine the 
methods used in past studies on this topic. A test matrix was created on the literature 
review and the available testing equipment at Lehigh University. 
Testing was carried out using a 600-kip SATEC universal testing machine and an 
Instron SF-16 split tube ceramic furnace. Size #8 reinforcing bars manufactured by 
Gerdau’s Sayreville Mill were gripped using flat grips. Constant temperature tests were 
performed. The bar was loaded to 900-lbf to keep it taut. Four type-K thermocouples 
were used to record the temperature data, and the load cell and cross head displacement 
of the universal testing machine were used to capture the load-displacement data. A 
Campbell Scientific CR5000 data acquisition system recorded the data. In order to 
protect the fragile ceramic furnace tiles a stainless steel pipe was machined and placed 
around the cable during testing. 
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The constant temperature test was carried out by heating the strand to an elevated 
temperature (300°C through 800°C at 100°C increments) and holding the temperature for 
45 minutes. After the 45 minute thermal soak, the bar was pulled until rupture. The 
elastic modulus, yield strength, and ultimate strength were recorded and the load-
displacement curves were used to develop stress-strain curves at elevated temperature. 
Once the bar was cooled to room temperature, samples were cut and labeled for 
microstructure analysis. Scanning electron microscopy was carried out at the Department 
of Material Science & Engineering at Lehigh University in order to determine any 
changes to the microstructure at elevated temperature. 
The results from testing were compared to both the ACI 216 and Eurocode 
reduction values for hot-rolled steel at elevated temperature. The current study showed 
poor agreement with ACI 216’s reduction factors for yield strength, but fair agreement 
with Eurocode’s reduction factors for elastic modulus and yield strength. 
Design Recommendations 
As noted previously, the experimental data showed elastic modulus and yield strength 
reduction factors that tend to be unconservative relative to Eurocode’s strength reduction 
values. However, the experimental ultimate strength reduction factors were conservative 
relative to Eurocode’s ultimate strength numbers. As the results suggest from both 
SAFIR demonstrations, ultimate strength may be the most important aspect of the beam’s 
performance. With this in mind, the author highly recommends that ACI adopt 
Eurocode’s reduction factors for elastic modulus and yield strength and this study’s 
reduction factors for ultimate strength. Given that ACI’s yield strength reduction curve 
has been shown to be extremely unconservative and has not provided elastic modulus or 
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ultimate strength reduction curves at all, it is very important that ACI heed this advice. 
For temperatures above 800⁰C, the author recommends using Eurocode’s ultimate 
strength reduction factors. 
 
Table 24: Recommended Ultimate Strength Reduction Factors 
Temperature Ultimate Strength Reduction Factor 
20⁰C 1.00 
300⁰C 0.91* 
400⁰C 0.77* 
500⁰C 0.58* 
600⁰C 0.37* 
700⁰C 0.16* 
800⁰C 0.09** 
*A615 Grade 75 
**A615 Grade 100 
 
Recommendations for Future Research 
Further research is needed to investigate whether the findings presented above apply to 
reinforcing steel size other than #8. Mechanical and thermal degradation properties may 
vary with bar size. Furthermore, research is needed to identify the mechanical properties 
of the high strength reinforcing steel during transient temperature tests. Transient tests 
more realistically represents fire exposure for test specimens. Moreover, research is 
needed to identify the residual mechanical properties of the high strength reinforcing steel 
after heating and subsequent cooling. The latter is important for forensic investigation. 
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APPENDIX 1: HEAT DISTRIBUTIONS FOR A706 GRADE 80 SPECIMENS 
The following heat distributions are representative of those for A615 Grades 60, 75, and 
100 and A706 Grade 60. 
 
Figure 52: Heat Distribution for A706 Grade 80 from 300C1 Test 
 
Figure 53: Heat Distribution for A706 Grade 80 from 400C1 Test 
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Figure 54: Heat Distribution for A706 Grade 80 from 500C1 Test 
 
Figure 55: Heat Distribution for A706 Grade 80 from 600C1 Test 
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Figure 56: Heat Distribution for A706 Grade 80 from 700C1 Test 
 
Figure 57: Heat Distribution for A706 Grade 80 from 800C1 Test 
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APPENDIX 2: MICROSTRUCTURE PHOTOGRAPHS 
A615 Grade 60 
 
Figure 58: Microstructure of A615 Grade 60 when T=20°C 
 
Figure 59: Microstructure of A615 Grade 60 when T=300°C 
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Figure 60: Microstructure of A615 Grade 60 when T=400°C 
 
Figure 61: Microstructure of A615 Grade 60 when T=500°C 
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Figure 62: Microstructure of A615 Grade 60 when T=600°C 
 
Figure 63: Microstructure of A615 Grade 60 when T=700°C 
 88 
A615 Grade 75 
 
Figure 64: Microstructure of A615 Grade 75 when T=20°C 
 
Figure 65: Microstructure of A615 Grade 75 when T=300°C 
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Figure 66: Microstructure of A615 Grade 75 when T=400°C 
 
Figure 67: Microstructure of A615 Grade 75 when T=500°C 
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Figure 68: Microstructure of A615 Grade 75 when T=600°C 
 
Figure 69: Microstructure of A615 Grade 75 when T=700°C 
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A615 Grade 100 
 
Figure 70: Microstructure of A615 Grade 100 when T=20°C 
 
Figure 71: Microstructure of A615 Grade 100 when T=300°C 
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Figure 72: Microstructure of A615 Grade 100 when T=400°C 
 
Figure 73: Microstructure of A615 Grade 100 when T=500°C 
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Figure 74: Microstructure of A615 Grade 100 when T=600°C 
 
Figure 75: Microstructure of A615 Grade 100 when T=700°C 
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A706 Grade 60 
 
Figure 76: Microstructure of A706 Grade 60 when T=20°C 
 
Figure 77: Microstructure of A706 Grade 60 when T=300°C 
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Figure 78: Microstructure of A706 Grade 60 when T=400°C 
 
Figure 79: Microstructure of A706 Grade 60 when T=500°C 
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Figure 80: Microstructure of A706 Grade 60 when T=600°C 
 
Figure 81: Microstructure of A706 Grade 60 when T=700°C 
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A706 Grade 80 
 
Figure 82: Microstructure of A706 Grade 80 when T=20°C 
 
Figure 83: Microstructure of A706 Grade 80 when T=300°C 
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Figure 84: Microstructure of A706 Grade 80 when T=400°C 
 
Figure 85: Microstructure of A706 Grade 80 when T=500°C 
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Figure 86: Microstructure of A706 Grade 80 when T=600°C 
 
Figure 87: Microstructure of A706 Grade 80 when T=700°C 
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APPENDIX 3: CALCULATIONS FOR FIRST SAFIR ANALYSIS 
 
 
Figure 88: Calculations for Grade 60 Beam Design for First SAFIR Analysis 
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Figure 89: Calculations for Grade 75 Beam Design for First SAFIR Analysis 
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Figure 90: Calculations for Grade 100 Beam Design for First SAFIR Analysis 
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Figure 91: Calculations for Grade 80 Beam Design for First SAFIR Analysis 
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APPENDIX 4: CALCULATIONS FOR SECOND SAFIR ANALYSIS 
 
 
Figure 92: Calculations for Grade 100 Beam Design for Second SAFIR Analysis 
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Figure 93: Calculations for Grade 60 Beam Design for Second SAFIR Analysis 
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Figure 94: Calculations for Grade 75 Beam Design for Second SAFIR Analysis 
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Figure 95: Calculations for Grade 80 Beam Design for Second SAFIR Analysis 
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